Cercarial behavior patterns were examined in 4 species of frog lung flukes (Haematoloechus spp.). Cercariae of Haematoloechus complexus, Haematoloechus medioplexus, Haematoloechus longiplexus, and Haematoloechus varioplexus were exposed to 3 species of experimental arthropods and an inanimate control. The number of cercariae attached to an experimental host at 5 min postexposure was recorded. Haematoloechus longiplexus and H. complexus cercariae attached to experimental hosts at higher rates than cercariae of H. medioplexus and H. varioplexus. Cercariae of H. longiplexus attached to experimental hosts in approximately the same numbers as H. complexus, but H. longiplexus penetrated only damselfly naiads, and only at the base of the zygopteran caudal gills. Cercariae of H. complexus, a second intermediate host generalist, were able to penetrate and enter several arthropod species at the intersegmental membranes. Haematoloechus medioplexus and H. varioplexus are restricted to development in dragonfly naiads and cercariae rarely attached to and never penetrated experimental hosts. These behavioral patterns dictate the range of hosts suitable for metacercarial development of H. complexus, H. longiplexus, H. medioplexus, and H. varioplexus. The evolution of disparate patterns of behavior among the cercariae of these 4 congeners has directly affected subsequent patterns of transmission to the definitive host.
Host specificity has traditionally been viewed as the result of a complex interaction between parasites and potential hosts.
Investigations of this interaction have often focused on the biochemical and environmental requirements of the parasite. For example, urea has been implicated as a component essential to the maintenance of osmotic balance in the cestodes of elasmobranchs (Read et al., 1959) . Other investigations concerning the nature of host specificity have examined the degree and effectiveness of immune response by the host. Adema et al. (1994) found that the hemocytes of snails susceptible to infection with larval Echinostoma paraensei suffered impaired function in the presence of this parasite. The hemocytes of resistant snails functioned normally.
The role of parasite behavior in directly determining host specificity generally has been ignored, although many studies have examined the role of behavior in increasing the probability that parasite infective stages will come into contact with a potential host. Examples of the increased risk of predation of acanthocephalan-infected amphipods are well known, e.g., Bethel and Holmes (1977) . Similarly a myriad of studies have demonstrated that the miracidia and cercariae of many trematode species exhibit behaviors that bring them into the preferred habitat of a potential host. Other cercariae respond directly to stimuli created by potential hosts. For example, Cryptocotyle lingua cercariae significantly increase activity in response to a passing shadow, thus enhancing transmission to excised pectoral fins designed to mimic a fish host (Rea and Irwin, 1991, 1992) and Schistosoma mansoni and Schistosoma haematobium cercariae respond to different chemical and thermal host cues and display different swimming behaviors (Haas et al., 1994) . These differences were considered to represent adaptations to the disparate environmental conditions under which these 2 species of schistosome cercariae encounter their hosts.
These examples demonstrate the importance of behavior in successful parasite transmission. However, they do not attempt to demonstrate that parasite behavior itself may determine host suitability. The present study examined the influence ofcercarial behavior on the second intermediate hosts available to 4 species of frog lung flukes (Haematoloechus spp.).
Haematoloechus spp. are considered to develop typically in odonate hosts (Olsen, 1967) . Reports of non-odonate hosts are rare and were limited to dipteran and plecopteran larvae (van Theil, 1930; Dollfus et al., 1960; Combes, 1968 ). However, Snyder and Janovy (1994) reported the development of Haematoloechus complexus in 2 non-odonate insects and 3 crustacean species as well as in odonates. In the same study, the development of Haematoloechus medioplexus was restricted to anisopteran (dragonfly) naiads. Preliminary investigations implicated cercarial behavior as a causative factor in determining second intermediate host specificity. The present study demonstrates that different cercarial behavioral patterns among 4 species of Haematoloechus directly determine second intermediate host specificity. Thus, host specificity among metacercariae of Haematoloechus species is, at least in part, a function of evolutionary divergence in behavioral patterns rather than present-day biochemical and immunological interactions between parasite and host.
MATERIALS AND METHODS Host and parasite maintenance
Adult flukes were dissected from wild-caught frogs and identified according to Kennedy (1981) . With the exception of H. medioplexus, adult parasites were retrieved from several frog populations in Nebraska. Haematoloechus medioplexus adults were retrieved from frogs of a single population. Snails used were laboratory reared and infected using the techniques of Snyder and Janovy (1994 Asellus intermedius were reared in the laboratory. All other arthropods used in the host specificity experiments were obtained from natural populations. To ensure that the animals from nature were not naturally infected, subsamples of 10 individuals per species were dissected and examined for metacercariae at the time of experimental exposure (To control). An additional subsample of 10 individuals per species remained unexposed and were held for the duration of the experiment. These ending time (T,) control groups were dissected and examined for Received 26 June 1995; revised 25 September 1995; accepted 25 September 1995. metacercariae to corroborate the absence of natural infections. All arthropods used in the cercarial behavior experiments were collected from natural populations with the exception of A. intermedius. Previous studies had established that these natural populations were free of Haematoloechus infection (S. D. Snyder, unpubl. obs.).
Host specificity of H. longiplexus and H. varioplexus
The second intermediate host specificity of H. complexus and H. medioplexus has been previously determined (Snyder and Janovy, 1994) . In order to make comparisons between all species used in the present study, the second intermediate host specificity of H. longiplexus and H. varioplexus was examined. Specificity was tested for damselfly naiads (Ischnura verticalis), dragonfly naiads (Libellula sp.), ephemeropteran naiads (Baetis sp.), and aquatic isopods (A. intermedius). Ten individuals of each host species were used. Arthropods were placed individually in a 70-ml plastic jar filled with approximately 35 ml of aged tap water and a snail known to be shedding cercariae. Arthropods were exposed for 22-24 hr, removed, and isolated in a snail-free jar or placed in an aerated container with other exposed conspecifics. Arthropods were necropsied 7-10 days postexposure and examined for metacercariae. Two individuals of each arthropod species were exposed to cercariae of H. complexus, a second intermediate host generalist (Snyder and Janovy, 1994) . This experimental group served as a control for strain resistance to Haematolechus spp. infection in experimental arthropod populations.
Observations of cercarial behavior
Observations of cercarial behavior were made by placing several cercariae of 1 parasite species in a 0.75-mm deep depression slide with aged tap water and an arthropod. Cercarial behavior was observed for periods up to 90 min with the aid of a compound microscope connected to a camera and video cassette recorder.
Cercarial attachment experiments
Two separate experiments were conducted to determine the role of cercarial behavior in second intermediate host specificity. In the first set of experiments, potential hosts were exposed to cercariae of H. complexus, H. medioplexus, and H. varioplexus. Experimental arthropods consisted of damselfly naiads (I. verticalis), dragonfly naiads (Libellula julia), and freshwater isopods (A. intermedius). To assess the possibility that cercariae respond to any animate or inanimate object in the water, separate attachment trials were conducted using a 1.0-cm x 0.2-cm piece of silicone rubber in place of the arthropod host.
Individual experimental arthropods or controls were placed in a 0.75mm deep depression slide with aged tap water and 40 cercariae. The slide was sealed with a coverslip and examined under light microscopy 5 min postexposure. The number of cercariae crawling on, attached to, or penetrating the experimental subject was recorded. Cercariae displaying any of these behaviors were recorded as attached. The protocol was replicated 5 times for each experimental host/parasite and control/ parasite combination.
The 5-min examination time was chosen to provide cercariae time to acclimate without allowing mortality to decrease the pool of cercariae present. Observations showed that cercariae of attaching species immediately began to attach to arthropods upon exposure. But, after approximately 10 min, dead cercariae were observed, apparent victims of deteriorating environmental quality or puncture on arthropod cuticular spines.
The (Krull, 1933; Snyder and Janovy, 1994) . Metacercariae in the branchial basket were recorded as H. medioplexus; metacercariae in other tissues were recorded as H. complexus.
Statistical analysis
Data from all cercarial attachment experiments were combined and analyzed by host taxa using analyses of variance. Calculations were completed using Field Stat (Clopton and Janovy, 1990). When ANOVA indicated a significant difference in attachment among parasite species, differences between species pairs were evaluated using Tukey's w procedure (Steel and Torrie, 1980) . To ensure that the results of the first and second attachment experiments were comparable, t-tests (Clopton and Janovy, 1990) were used to compare the number of H. complexus cercariae in each experiment attached to each experimental arthropod. All tests were conducted at the a = 0.05 level of significance.
RESULTS

Host specificity of H. longiplexus and H. varioplexus
Metacercariae of H. longiplexus developed in both Libellula sp. and L verticalis, although not all exposed odonates became infected (Table I) 
Cercarial attachment experiments
The mean number of attached cercariae (calculated across all experimental trials) was higher for H. longiplexus and H. complexus than for H. medioplexus and H. varioplexus. This pattern was true for all experimental host species (Table II) 
DISCUSSION
This study demonstrates that differences in cercarial behavior can directly affect the number of host species available to closely related parasite species. Thus, the evolution of different patterns of cercarial behavior has led to different patterns of host specificity among members of the genus Haematoloechus.
Haematoloechus medioplexus and H. varioplexus cercariae
are passive host invaders, not altering their behavior in response to contact with aquatic arthropods but continuing to swim throughout the water column. Cercariae of H. medioplexus and H. varioplexus must be drawn into the unique branchial basket respiratory apparatus of anisopterans, a phenomenon reported by Krull (1931) . Once inside the branchial basket, cercariae are able to encyst and develop into metacercariae. In the present study, no metacercariae of H. varioplexus were found outside the branchial baskets of susceptible anisopterans. Metacercariae of H. medioplexus are also restricted to this region of the host (Snyder and Janovy, 1994) . The inability of H. medioplexus and 6.0 a  3.6 a  0.0  (1.4)  (1.3)  (1.4 H. varioplexus cercariae to attach and penetrate the exoskeleton of a potential host therefore restricts these parasites to development in anisopteran (dragonfly) odonate naiads (Table I; (Table III) . The ability of H. complexus to develop in such a wide range of aquatic arthropods is directly linked to the behavior of the cercariae. Haematoloechus complexus cercariae are active host invaders. These cercariae stop upon contact with a potential host, attach to the arthropod, and are then able to penetrate the host at any intersegmental membrane. Cercariae of H. complexus also gain access to anisopteran hosts by being drawn into the branchial baskets of these insects (Krull, 1933) , but this passive mode of entrance is not essential for H. complexus as it is for H. medioplexus and H. varioplexus.
Haematoloechus longiplexus occupies the middle of the continuum of second intermediate host specificity displayed by the species examined in this study. Metacercariae of this species are able to develop in zygopteran (damselfly) as well as anisopteran naiads (Table I; Krull, 1932) . However, development does not appear to be possible in non-odonate second intermediate hosts.
Cercariae of H. longiplexus stop swimming and attach upon contact with an aquatic arthropod but appear unable to penetrate an intersegmental membrane as can cercariae of H. complexus. Although H. longiplexus is an active host invader, the cercariae penetrate only zygopteran naiads, and then only at the base of the caudal gills. This site specificity apparently prevents H. longiplexus from parasitizing non-odonate aquatic arthropods. Given that the other 3 species examined in this study gain access to anisopteran odonates by being drawn into the branchial basket, it seems likely that H. longiplexus cercariae enter these insects in the same way.
It is clear that the cercariae ofH. longiplexus and H. complex- (Krull, 1931 (Krull, , 1933 , and H. longiplexus (18.2 Lm) (S. D. Snyder, unpubl. obs.). Krull (1930 Krull ( , 1931 reported that metacercariae of H. medioplexus and H. varioplexus most commonly occur within the lamellae that comprise the anisopteran respiratory structure, indicating that cercariae of these species must penetrate the chitin that surrounds the lamellae. If this is the case, use of the stylet would seem the most obvious mechanism for penetration. Thus, a functional role of the stylet may be maintained in these passive host invaders. Cercariae of both H. longiplexus and H. complexus attached to naiads of the damselfly I. verticalis in much higher numbers than to other experimental hosts (Table II) . This difference may indicate that cercariae of these 2 species are more attracted to I. verticalis than to the isopod A. intermedius, the dragonflies Libellula spp., or the control. However, because of the differences in the size and opacity of the 3 experimental arthropods, it may be misleading to compare directly the number of attached cercariae across all experimental hosts. Ischnura verticalis used in these experiments were smaller and less opaque than Libellula spp. and less opaque than A. intermedius. Differences in experimental host opacity could have had an effect on our ability to count attached cercariae. Differences in experimental host size certainly altered cercarial encounter rates. Alternatively, differences in cercarial attachment across experimental host taxa may indicate a preference of cercariae for damselfly hosts. Field data corroborate this conclusion. One hundred percent of I. verticalis examined from Nevens Pond were infected with H. complexus (Table III) . Only 56% of L. lydia and 14% of H. azteca were infected. Although these results could indicate that I. verticalis occupies a microhabitat more conducive to infection with H. complexus than do the other arthropods, because of experimental results we conclude that cercariae are differentially attracted to different host species.
It is not known what cues, if any, H. complexus and H. longiplexus use to find their hosts. The maximum numbers of cercariae attached to an experimental host were 18 H. complexus and 24 H. longiplexus, both attached to I. verticalis. Even in these experimental cases, nearly half of the 40 experimental cercariae did not attach to the host. No cercariae appeared to seek a host actively. Cercariae often swam within fractions of a mm of the experimental arthropods without adjusting the pattern of swimming to make contact. Attachment, crawling, and penetrating behaviors were elicited only on host contact. It is possible that directed swimming was not observed because the small water volume in the depression slide and occasional arthropod movements prohibited the establishment of chemical gradients that might serve as cercarial cues. No report of random host location and penetration exists for cercariae that actively invade their hosts (Haas, 1994a) .
Cercarial behavior in the presence of the silicone control supports the premise that cercariae of H. complexus and H. longiplexus do respond to cues of host origin. Upon encountering a live host, cercariae of these species were stimulated to attach and maintain contact, whereas those encountering the silicone the acquisition of new hosts over evolutionary time, and of the evolution of complex life cycles in general.
